In addition, we have observed that early selection among inbred trees (lines) was more effective than in out-crossed populations and there was an apparent heterosis in radiata pine. In this study, the effect of inbreeding on the reproductive ability in young and adult trees of radiata pine has been quantified from five populations of varied inbreeding levels (F = 0, 0.125, 0.25, 0.5, and 0.75) . It was observed that the effects of inbreeding depression on fecundity was higher at a young age than at older age and inbreeding depression at a young age is due to two factors: 1) a delay of reproductive age (about 8.3, and 8.5 % of trees delayed for F = 0.5 and F = 0.75 populations, respectively) and 2) a true reduction of flowering trees (6.7 and 13.1% more trees having no flowers for F = 0.5 and F = 0.75 populations than F = 0 population, respectively). Despite significant
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Introduction
A major deterrent of adopting an inbreeding-hybrid breeding strategy in tree improvement program is the effect of inbreeding depression observed on reproductive traits in several conifer species (WILLIAMS and SAVOLAINEN, 1996) . Inbreeding depression on adult fecundity has three major implications in tree improvement. First, inbreeding depression in adult reproductive traits can result in the loss of valuable selections (clones) as they contribute little or nothing to subsequent generations. Second, the effects of the inbreeding depression on adult reproductive ability may retard recurrent breeding operations and prolong the completion of the breeding cycle in operational breeding programs. Third, the out-crossed embryos that later develop on an inbred maternal parent may exhibit reduced fitness as an indirect consequence of parental inbreeding depression. Therefore, more than one generation of outcrossing may be necessary to restore vigor. Such maternal effects of reduced seed potential and delayed onset of reproduction in inbred trees can also delay the production of superior hybrid seeds and make the production of hybrid seeds more expensive.
In conifers, inbred individuals have been observed to have a lower average fitness at all life stages (embryo development, seedling to adult growth, and reproductive abilities). However, reliable reports on adult reproduction in inbred conifers are very rare due to the long-term nature of such studies. In a few published reports inbreeding depression has been observed for onset of reproduction as well as the number and size of male and female strobili. Most reports of adult fecundity have, however, been limited to qualitative observations. In jack pine (Pinus banksiana), a precociously flowering species, there was a delay in age of first flowering and a reduction in strobilus number (RUDOLPH, 1976) . A 3-year delay was observed for western white pine (Pinus monticola) as well as a 15 to 26 % reduction in fitness after one generation of selfing (BINGHAM, 1973) . Flowering age was not delayed for loblolly pine (Pinus taeda), but there was about a 30 % decline in number of potential sites for seeds in female cones of selfed maternal parents (SNIEZKO, 1984) . In Douglas-fir (Pseudotsuga menziesii), no flowering age data were reported, but male strobili and developing conelets were smaller on selfed individuals when compared to their outcrossed half-sibs (ORR-EWING, 1965 ). There is also substantial variation in the number of seeds and germination of seed from control-pollinated cones among three inbreeding levels (outcrossed, first-and second-generation selfs of two clones) (ORR-EWING, 1976) . A very severe reduction in the number of cones in the first-and second-generation selfs has been observed (53 and 89 % depression, respectively) in maritime pine (Pinus pinaster) (DUREL et al., 1996) .
Two issues relating to inbreeding effects on reproductive ability in the long-lived trees should be examined. Whether 1) inbreeding only delays reproduction age or 2) if inbreeding simply reduces reproductive ability. If inbreeding only delays reproductive age, the effect of inbreeding depression on fecundity may be a byproduct of its effects on growth. This is because inbred trees grow slower than out-crossed progenies, on average. If inbreeding reduces adult flowering, it may be caused by recessive alleles for reproductive traits. All previous inbreeding studies in trees reported inbreeding effects only on reproductive ability at a very early (juvenile) age (age 1 to 4 years) except for maritime pine at age 11 years (DUREL et al., 1996) . Therefore, reported results do not discriminate between the delay of reproduction age of inbred trees and reduced adult flowering. Distinguishing these two types of inbreeding depression on reproduction may shed light on the genetic causes of inbreeding depression on reproductive traits. Therefore, it is desirable that inbreeding depression on fecundity is examined for both types.
We have previously reported on a radiata pine (Pinus radiata) experiment involving five levels of inbreeding in which inbreeding reduced survival and growth, but increased variation of growth traits. Furthermore, the numbers of sound seeds and growth rate did not decline significantly from the firstgeneration of selfs (S 1 ) to the second-generation of selfs (S 2 ) (GRIFFIN and LINDGREN, 1986; WU et al., 1998a WU et al., , 1998b WU et al., , 2002 MATHESON et al., 2002) . A further logical question is whether inbreeding has severe adverse affects on the reproduction of radiata pine. In a previous preliminary study of radiata pine, selfing was observed to have little effect on adult flowering in the first-generation selfed progenies (PAWSEY, 1964) . These findings suggest that selfing might be effective in purging deleterious alleles from populations of radiata pine and could be used to produce superior inbred lines and hybrids. In this report, we quantitatively investigate inbreeding effects on fecundity of young and adult trees up to two generations of selfs in radiata pine. The reproductive traits examined include the percentage of trees bearing female strobili and the number of female cones and flowers on each tree. We are particularly interested in answering the following questions: 1) whether inbreeding delayed the onset of reproduction, 2) whether inbreeding reduced adult fecundity, and 3) whether there are clonal effects of inbreeding depression on reproduction.
Material and Methods

The experiment
Two radiata pine inbreeding experiments were surveyed for their fecundity. The first radiata pine inbreeding experiment was set up in the1980s in Mount Gambier, South Australia, as a comprehensive study of the effect of inbreeding in radiata pine. The detailed mating design and field experiment were described by WU et al. (1998a) . With this mature experiment (18 year-old at the time of the final flowering survey), we investigated adult reproduction in three populations: 1) a noninbred base population, which is consisted of progenies from crosses among eight unrelated, non-inbred founder clones and is designated as S 0 (population 1) with the inbreeding coefficient F equal to 0; 2) a population of the first-generation selfs (population 4, F = 0.5, also called S 1 ), created by selfing the eight founder clones; and 3) a population of the second-generation selfs (population 5, F = 0.75, also called S 2 ), created by selfing the selected first-generation selfs at age 4 and 5 years from planting. Selfed progenies (S 1 ) from one founder clone (Clone 1) did not flower during the controlled pollination seasons (1976 and 1977) used in creating the second-generation selfs. Therefore, the S 2 population consists only of 7 founder clones. These three populations were planted at Mount Gambier, South Australia at a site called Symons in 1981 with four replications and the two populations (S 0 and S 1 ) were also planted at a second site nearby (about 1.2 km from the first site) called Kilsbys In 1993, a systematic thinning was conducted to remove the second and third trees in each six tree row plots. The fecundity survey was first conducted in the 1997 flowering season (July and August) at age 15 and 16 years from planting for the two sites, respectively. The number of female flowers on each tree of the two selfed populations (S 1 and S 2 ) was recorded. It was observed that some trees which did not flower in 1997 had cones with viable seeds from previous years, while some trees which did flower in 1997 had no mature cones (no accumulated cones). It was decided that both old cones and recent-year flowers should be counted simultaneously to truly reflect the fecundity of selfed trees. In 1999 (age 17 and 18 years from planting), the total number of cones on each tree as well as the number of new flowers was recorded. Due to the size of the trees (most trees were between 12 and 24 m tall), an elevated platform vehicle (reaching 25 m in height) was used to examine all branches and trunks for flowers and accumulated cones. Sixteen trees were too high (over 28 m) for counting female flowers and these trees were more or less even distributed among the three inbreeding levels. Therefore the number of female flowers for these 16 trees were counted as missing. Hence, comparisons between inbred and outcrossed progenies of the same pedigree are possible. Reproductive ability for male flowers (strobili) was not investigated because it is extremely difficult to quantify the male strobili because of the large size of the trees. In addition, almost all trees produced pollen, although a large variation between clones was observed.
Two families in population S 0 (out-crossed) and four families in population S 1 were planted only at the Kilsbys site. It was desirable to include these families into the analysis of main Symons trial. Six families in population S 0 and four families in population S 1 were planted at both sites. For these common families, a linear model was fitted to investigate family by site and family by replicate interactions for the two populations separately. It was found that the interaction between families and sites was not significant for either population and thus data across sites could be combined. Data from Kilsbys were adjusted and combined with data from Symons using the method described in WU et al. (1998a) .
The second inbreeding experiment was set up in 1997 to investigate the inbreeding effect on the onset age of reproduction. Five populations with inbred level from F = 0 to F = 0.75 (e.g. population 1 with F = 0, population 2 with F = 0.125, population 3 with F = 0.25, population 4 with F = 0.50, and population 5 with F = 0.75) were planted at two sites using stored seeds of remaining families (65 families) from the first experiment (136 families in total). All four inbred populations in the new 1997 trials come from the same populations as in the first experiment. However, the out-crossed population (S 0 , F = 0) in this new trial is derived from crosses between unrelated selfed progenies (the first-generation). Both female and male flowers were surveyed from year 2000 (age 3 years) to 2002 (age 5 years) at one site.
Statistical analysis.
For the first and mature experiment, the trees, which have either female flowers or cones or both, are regarded as female reproductive trees and the percentage of reproductive trees was calculated for each family. Raw data were also separated according to each founder clone. A preliminary analysis revealed that there was no interaction between replication and inbreeding level, and so, all three female reproductive traits; % reproductive (fecund) trees, number of cones per tree, and number of female flower per tree were subjected to the following analysis of variance:
where µ is grand mean, R i is the ith replicate effect, P j is the jth population (inbreeding level) effect, C k is the kth founder clone effect, PC jk is the interaction between jth inbreeding level and kth founder clones, and E ijkl is the residual. All effects were assumed fixed except for residual. SAS GLM type III estimable functions (SAS Institute Inc. 1989) were used to estimate mean squares and hypothesis testing.
To estimate inbreeding depression for the whole population and individual founder clones, a linear regression was fitted for whole population and individual founder clones:
where Y represents the phenotypic value, α the intercept (estimated population mean when F = 0), β the regression line or slope, F the inbreeding coefficient, and E the residual error term.
For the second experiment, analysis was done at the population level only. This is because data are not as balanced as in the first experiment (e.g. not all populations have progenies of all eight founder clones). Therefore, ANOVA was done according to model:
We were mainly focusing on female fecundity in this study. The term female fecundity refers to the numbers of female flowers (or cones) in a tree. Table 1 . -Analysis of variance for percentage of reproductive trees (after arcsine square root transformation), cumulative cone number, and female flower number in 1999 (after square root transformation) in an 18 years-old radiata pine inbreeding experiment.
a There is no replication effects for percent of reproductive tree since percentage was calculated by pooled data across replications. * P < 0.05%, ** P < 0.01% Wu et al.·Silvae Genetica (2004) 
Results
Inbreeding effect on fecundity of young and adult trees
Inbreeding (sib-mating and selfing) significantly reduced the percentage of trees that reproduce (cones and female flowers, Table 1 and Figure 1) . It was observed that the percentage of adult trees that produce female flowers decreased from 91.6 % for out-crossed progenies (F = 0) to 85.5 % after the first-generation of selfing and to 79.6 % after the second-generation of selfing (Figure 1) . This translated to a 6.1% decrease in the percentage of adult female flowering trees in the out-crossed population compared to the first-generation selfs and a further 5.9% decrease from the first-generation selfs compared to the second-generation selfs. Inbreeding had more of an effect on younger trees than mature trees for female reproduction. For example, population 2 (F = 0.125), 3 (F = 0.25), 4 (F = 0.50) and 5 (F = 0.75) had reduced fecundity of 8, 22, 21, and 29 % respectively at age five years-old (Figure 1) .
Analysis based on individual founder clones revealed that only one clone (Clone 2) had a significant decrease in the percentage of female trees that had flowers or cones after selfing (Table 2, Figure 2 ). Inbreeding up to two generations of selfing had no significant effects on the percentage of adult flowering trees and number of cones for the other seven clones. For clone 2, the reduction in percentage of adult flowering trees was 13.5 % from out-crossed progenies compared to the first-generation selfs and a further 7.5 % decrease from the first-generation selfs compared to the second-generation selfs.
Differences between the founder clones were observed for the percentage of adult flowering trees at the 8.8 % probability level. The average percentage of trees that reproduce across the three inbreeding levels (S 0 , S 1 , and S 2 ) varied from 80 % for clone 2 to 97.3 % for clone 4. There were only two inbreeding levels (the out-crossed and the first-generation selfs) for clone 1 and it had the lowest cone number per tree in the first-genera- tion selfs. We note that this clone was not used to produce S 2 progeny in the 1976-1977 pollinations because it had no female flowers.
The average cone number on adult trees varied from 4.6 cones per tree for the out-crossed population (F = 0) to 4.3 cones per tree for the second-generation inbred trees (F = 0.75), but statistically, the difference is significant at the 3.3 % probability level (Table 1) . Similarly, there were significant, but large differences between clones in the number of cones per adult tree ( Figure 3) . Clone 1 had the lowest cone number, at 2.9 cones per tree on average, and Clone 4 and 8 had the highest number of cones per tree, at 6.1 and 6.8 cones per trees, on average respectively. Significant differences between replications were also observed in the cumulative cone number, but the interaction between inbreeding level and founder clone was not statistically significant ( Table 1) .
Similar to the percentage of reproductive trees, regressions of cone number on inbreeding level for whole populations and for clone 2 individually were significant while regressions for all other clones individually were not significant. For clone 2, the average number of cones per tree among outcrosses was reduced by 0.4 compared to the first-generation of selfs and a further 1.1 cones per tree from the first-generation selfs compared to the second-generation selfs. Clone 6 had a considerable decrease in cone number from the out-crossed population to the first-generation selfs (3.8 to 1.9 cones/tree) and then a sizable increase (1.9 to 3.9 cones/tree) from the first-generation selfs to second-generation selfs. We also observed that clone 1, along with clone 6 had the lowest cone number in the first-generation selfs (Figure 3) .
The number of female flowers on adult trees varied from 2.3 flowers per tree for the out-crossed population compared to 2.6 and 2.2 for the first-and the second-generation selfs respectively. However, the differences were not statistically significant. In contrast, the founder clone had a highly significant effect on the number of female flowers (Table 1, Figure 4 ). The number of female flowers varied from 1.1 flowers per tree in Clone 1 to 3.4 and 3.5 per tree in Clones 4 and 8, respectively (Figure 4) . No individual clone was observed to have a significant relationship between inbreeding levels and female flower number. However, it was observed that both Clones 4 and 8 had the highest number of cone and female flowers while Clone 1 had the lowest number of cone and female flowers on adult trees.
While there were no significant differences in female flower production between the three inbred levels (F = 0, F = 0.5, and F = 0.75) on adult trees, there were significant differences between all five inbred levels in young trees ( Figure 5 ). Trees at age five years produced 3.8, 4.1, 3.3, 1.6, 2.6 flowers per tree for inbreeding level of F = 0, F = 0.125, F = 0.25, F = 0.5, and F = 0.75, respectively. This translated into an inbreeding depression of -9.6, 13.6, 57.2, and 31.1% for the four inbred levels (F = 0.125, F = 0.25, F = 0.5, and F = 0.75), respectively.
Inbreeding effect on onset age of reproduction
There were no female flowers observed on trees in the new trial for the first two years after planting. At year three, one tree (2.1% of the total of 47 trees) from the population 1 had female flowers while 1.6 % (5 trees from a total of 307), 2.6 % (8 trees from a total of 309), 0.0 % (total 40 trees), and 6.3 % (8 trees from a total of 128) trees from the populations 2, 3, 4, and 5, respectively, produced female flowers. More trees in all five populations produced female flowers at age four years. For example, populations 1, 2, 3, 4, and 5, respectively had 38.3, 24.6, 15.6, 12.8, and 14.5 % of trees producing female flowers in years three and four. The difference on female fecundity was statistically significant from age four years onward. Again more trees start to reproduce at age five with 69.6, 63.8, 54.0, 55.3, and 49.1% of trees, respectively for population 1, 2, 3, 4, and 5 showing female flowering. From a comparison of female fecundity data between age four and five years, inbreeding seems to delay onset of reproduction for 7.9, 7.1, 11.2, and 3.3% trees, respectively for population 2, 3, 4(S 1 ), and 5(S 2 ) relative to the non-inbred population 1 (S 0 ) from age four to age five years ( Figure 6) . A comparison between age five female fecundity data and data from mature trees in the first experiment for the three populations (S 0 , S 1 , and S 2 ) suggests that inbreeding has delayed onset of reproduction by 8.3, and 8.5 % trees for S 1 and S 2 populations, respectively, relative to the non-inbred population from age five to 18 years (( Figure 6 ).
Discussion and Conclusion
Inbreeding depression has been studied in many species of conifers. Severe depression has been usually observed for reproductive traits in young trees. With young trees, it is impossible to distinguish inbreeding depression on fecundity due to delay on onset of flower production or due to a true reduction of trees producing flowers. In this study, we examined reproductive ability in both young and adult trees of the same pedigrees (although the population at young age is smaller). With such a comparison, we are able to examine the causes of early inbreeding depression on fecundity (delay of reproduction phase or a reduction of fecund trees). We observed that selfing delayed production of female flowers in about 8 % of the trees. We also observed that selfing delayed female reproduction in founder Clone 1. This is because S 1 progenies of Clone 1 had not produced female flowers at age 4 and 5. However, at age 18, S 1 progenies from the Clone 1 did produce female flowers and cones although their reproductive ability was less than other founder clones.
The observations of inbreeding effects on reproduction of young and adult trees in radiata pine from this study can be summarized as:
1. Inbreeding depression on female flowering at young ages up to age 5) was higher than in mature trees (21 and 29 % at age five relative to 6.7 and 13.1% at age 8 for F = 0.5 and F = 0.75 populations).
2. Inbreeding depression on female flowering at young ages was caused by a delay in the onset of reproduction as well as a decrease in number of trees that can reproduce. About 8 % trees had delayed female flowering in the F = 0.5, and F = 0.75 populations, respectively.
3. Inbreeding also decreased the average numbers of female flowers on young trees and average cone production on adult trees while there was no significant inbreeding depression in female flower number on adult trees. Inbreeding depression on number of cones per adult tree was only 5.7 % from F = 0 to F = 0.5 and only 6.5 % from F = 0 to F = 0.75. 4. Inbreeding depression on the percentage of flowering tree and the cone number of adult tree was mainly due to one founder clone among the eight founder clones studied.
5. The effect of founder clone was larger than that of inbreeding level on adult reproductive traits (number of cones and female flowers).
6. In this particular study, it was found that founder Clones 4 and 8 had the highest and Clone 1 had the lowest adult fecundity.
These observations on flower incidence are consistent with an early qualitative study by PAWSEY (1964) . Based on 40 inbred progenies, ranging from age four to 12 years, Pawsey observed that the S 1 progenies contained from 0 to 10 % of trees bearing flowers at age three from planting, on a medium site, while about 1% of the routine planting stock did so in the same area. At four years of age, the corresponding percentages ranged as high as 15 % for the S 1 progenies, while the routine stock was about 12 %. In addition, the proportion of cones reaching maturity was observed at 55, 56 and 60 % for the outcrossed, the first-, and the second-generation selfs. Based on these observation, it was concluded that inbreeding in radiata pine had not adversely affected flowering, nor, in general, the proportion of cones reaching maturity, in contrast to the present study.
The weak inbreeding depression in radiata pine reproductive traits observed in this study is also consistent with relative weak inbreeding depression on the growth vigor traits (WU et al., 1998) . In comparison with other conifers, radiata pine seems to be less sensitive to inbreeding for both growth and reproductive traits. Radiata pine had the lowest inbreeding depression in growth (DBH and height) (WILCOX, 1983; WU et al., 1998) and also the lowest inbreeding depression on adult fecundity. For example, very severe depression on number of cones in the first-generation and second-generation progenies of selfs was observed (53 and 89 % depression, respectively) in maritime pine at age 11 years (DUREL et al., 1996) , but the maturation phase was suspected not to be fully achieved for many inbred trees. In western white pine, a 15 and 26 % reduction in female and male flower production were observed in the first-generation selfs (BINGHAM, 1973) .
The low inbreeding depression seems to confirm our earlier suggestion that significant genetic load has been removed in radiata pine throughout the evolutionary history or through early purging in seed production, nursery culling and mortality. This lower genetic load, lower than any other conifer, can be explained by purging in natural radiata pine populations in California, due to its remnant small population (MORAN and BELL, 1987) , and strong geographic isolation (ELDRIDGE, 1998).
One noticeable observation in this study is the relatively large variation between clones on fecundity. In fact, variation in adult fecundity between the eight founder clones was larger than the effect of inbreeding levels. This may indicate other reproductive studies involving different clones at different inbreeding levels may confound inbreeding effects with clone effects.
The higher mortality in S 1 and S 2 relative to S 0 population might have reduced estimates of inbreeding depression on adult reproductive ability. This is because more trees in S 1 and S 2 populations died at age 18 year. It was observed that at age 13 year, 7 and 11% more trees died in S 1 and S 2 relative to S 0 , and at age 18 year, 10 and 16 % more trees died in S 1 and S 2 relative to S 0 . Most trees that died were small, suppressed, and unlikely to be able to reproduce. Whether this was due to suppression or other genetic causes is not known. The differential competition levels in S 0 , S 1 and S 2 populations may also affect estimates of inbreeding depression. This is because, there is more competition in S 0 population relative to S 1 and S 2 , due to a higher survival rate in the S 0 population. More severe competition in S 0 population may reduce the exposure of trees to light, and correspondingly, may reduce the number of flowers. Therefore differential competition levels in the adult inbreeding trial may decrease estimates of inbreeding depression.
For tree breeders to adopt the inbreeding/crossbreeding approach as an appropriate novel breeding strategy for conifers, four potential questions must be addressed:
1. It must be feasible to derive superior inbred lines (trees) from selfing.
2. There must be heterosis in crosses between these inbred lines.
3. Inbreeding should not substantially delay reproductive age or reproductive ability.
4. Early selection among inbreds must be effective in order to select superior inbred lines as quickly as possible.
We have observed that inbreeding depression in growth vigour (DBH, height) is the lowest in radiata pine relative to other conifers and that it is possible to obtain superior inbred trees (lines) from selfing (WU et al., 1998a) . It was also observed that there is more segregation in the S 1 and S 2 than in the sib-mated inbred and the out-crossed populations, and that the largest trees in the trial (including the out-crossed population) were among the S 2 . In addition, it was observed that early selection among inbred lines is more effective than out-crossed population (MATHESON et al., 2002) . In this and previous (PAWSEY, 1964) studies, it has been observed that inbreeding depression of fecundity in radiata pine was not severe. Based on these observations, it seems that inbreeding/ crossbreeding approach would be an attractive alternative breeding strategy in radiata pine breeding program.
